ABSTRACT Purified rat serosal mast cells were sensitized with mouse immunoglobulin E (IgE) anti-2,4-dinitrophenyl antibody, partially depleted of phosphate, labeled with [32P]orthophosphate, and stimulated with dinitrophenylated bovine serum albumin or control protein. After 15-120 seconds at 37C, the cells were extracted with nonionic detergent. IgE receptors were purified by repetitive affinity chromatography and were analyzed by NaDodSO4/polyacrylamide gel electrophoresis and radioautography. Antigenic stimulation of intact rat mast cells produced a rapid and marked increase in the phosphorylation of the surface-exposed a component of the IgE receptor. However, phosphorylation of the 33,000 Mr (3 component of the IgE receptor was not altered significantly by antigen stimulation. This suggests that the selective increase in phosphorylation of the IgE receptor a component may be part of the physiologic mediator secretion process triggered by antigen.
Mast cells and basophils have cell-surface receptors that bind IgE with high affinity. Each IgE receptor is composed of a surface-exposed glycoprotein (1, 2) , referred to as the a component in recent terminology (3) , and a nonglycosylated protein (4, 5) termed the ,B component. Tryptic peptide mapping studies indicate that each component is a distinct polypeptide (6) . The a component of rat mast cells, Mr 45,000 (7) , is somewhat smaller than the a component of rat leukemic basophils analyzed in the same NaDodSO4/polyacrylamide gel system (6) , whereas P components of both cell types are indistinguishable in size (Mr 33,000) (6, 7) .
The apposition of adjacent receptors on rat mast cells is the necessary and sufficient signal (8) for cell activation leading to the noncytotoxic release and generation of a variety of cellular mediators. Mast cell activation has been associated with changes in diacylglycerol levels (9) , phospholipid methylation (10), cyclic AMP levels (11) , influx of calcium (10) , and protein phosphorylation (12) . We have demonstrated that the IgE receptor a component of rat mast cells is a phosphoprotein and that its phosphorylation is significantly increased by a nonimmunologic stimulus of histamine release (7) . In this study, we demonstrate that an immunologic stimulus with antigen produces a rapid and selective increase in phosphorylation of the a component of the rat mast cell IgE receptor. Thus, it seems possible that increased phosphorylation of the receptor a component is part of the antigen-stimulated process leading to mediator secretion.
MATERIALS AND METHODS
Antigen and IgE Antibody. The monoclonal 2,4-dinitrophenyl (DNP)-specific murine IgE antibody H1 DNP-E-26 (13) was isolated from ascites from the hybridoma made available by Fu-Tong Liu and David Katz. Protein soluble in 30% saturated ammonium sulfate was precipitated by 60% saturated ammonium sulfate (13) and was further purified by gel filtration on Sepharose CL-6B. Based on polyacrylamide gel electrophoresis in NaDodSO4, the IgE was >95% pure. DNP-treated bovine serum albumin (DNP-albumin) coupled at a molar ratio of 48:1 (14) was a gift of M. Scott (Dept. of Microbiology and Immunology, Washington University).
Rat Mast Cells. Mast cells were obtained from the pleural and peritoneal cavities of Sprague-Dawley male rats (Camm Research Institute, Wayne, NJ) by lavage with 150 mM NaCI/ 3.7 mM KCI/1 mM CaCl2/5 mM sodium phosphate/5.6 mM glucose/1 mM Pipes/1 mg of bovine serum albumin per ml/ 1 unit of heparin per ml, pH 6.8. In all subsequent steps, the buffer was prepared without sodium phosphate and is referred to as mast cell medium (MC medium) or, when dialyzed bovine serum albumin was used, as "phosphate-free MC medium." Cells were purified by using a bovine serum albumin gradient prepared in MC medium as described (15) . Rat mast cells were 65-85% pure by crystal violet staining and 98% viable by trypan blue dye exclusion.
Mast Cell Sensitization and Phosphorylation. After two washes in MC medium, purified rat mast cells were further depleted of phosphate during sensitization with IgE. Specifically, cells at a concentration of 2 X 106 cells per ml were incubated with mouse IgE (1 Ag/ml) at 37°C for 1 hr, and this sensitization step (and also subsequent steps) used phosphate-free MC medium. Cells were centrifuged and then resuspended at 1 X 107 cells per ml in phosphate-free MC medium containing 1 (17) . After incubation at 0WC for 5 min, the solubilized material was centrifuged at 30,000 x g, and the supernatants were used immediately for receptor purification. Purification and Analysis of IgE Receptor. IgE receptor was purified from the supernatant extracts at 40C by repetitive affinity chromatography with successive columns of bovine serum albumin-Sepharose, rat IgE-Sepharose, and again rat IgESepharose as described (6, 7) . In this study, however, each IgESepharose column was washed with only 48 ml of 0.15 M NaCl/ 0.01 M phosphate/1% Nonidet P-40, pH 7.4, over only a 6-hr period. The modifications were introduced to increase the presence of receptor-associated macromolecules and potential contaminants for comparison with a-component phosphorylation. Material eluted from-the second IgE column with 0.5 M acetic acid containing 1% Nonidet P-40 was lyophilized, precipitated with acetone, and analyzed by NaDodSO4/polyacrylamide gel electrophoresis (18) in 6-18% acrylamide gradient slab gels followed by gel staining, destaining, drying, and autoradiography (19) . A Joyce-Loebel double-beam recording microdensitometer was used to obtain densitometric scans of autoradiographs. The peak areas on recorded scans were cut out and weighed in order to quantitate phosphorylation.
Saturation and Yield of IgE Receptors. In separate experiments, the extent of saturation of rat mast cell IgE receptors by the mouse IgE anti-DNP antibody was estimated by binding assays with "2I-labeled rat IgE as described (20) . Also, rat mast cells were surface radioiodinated as described (4) and incubated with or without mouse IgE or DNP-albumin. Subsequent isolation of "2I-labeled IgE receptor by using the repetitive affinity column procedure assessed the effect of various experimental conditions on the yield of the receptor a component.
Histamine Release. Purified rat mast cells were incubated as above (including preincubation in phosphate-free medium) except that various concentrations of IgE and DNP-albumin were used and 32p was omitted. After incubation with antigen, the tubes were placed in ice water and were centrifuged at 4°C. The supernatants were assayed for histamine by a radioenzymatic method (21) . Total histamine was assayed in samples after two cycles of freezing and thawing of replicate suspensions, and the percentage of release is expressed by:
Observed release -spontaneous release total histamine -spontaneous release.
RESULTS The aim of this study was to determine whether any IgE receptor components might be phosphorylated to a different extent in rat mast cells that are stimulated to release histamine by antigen and IgE in comparison to unstimulated mast cells. If changes in phosphorylation of IgE receptor components occurred, our goal was to establish whether they were rapid and selective.
Antigen-Induced Histamine Release. Preliminary studies were carried out with rat mast cells sensitized with various concentrations of monoclonal DNP-specific murine IgE and then incubated with several various DNP-albumin concentrations. Optimal release was obtained by using both IgE antibody and DNP-albumin antigen at =1 ,ug/ml. For example, in one experiment with 1 ,ug of IgE per ml for sensitization, antigen concentrations of 0.2, 2.0, and 20 ,ug of DNP-albumin per ml resulted in average histamine releases of 12%, 27%, and 1%. Extensive studies were not performed because colleagues kindly informed us of their similar results prior to publication (22, 23) .
Selective Phosphorylation of IgE Receptor a Component
During Immunologic Activation. When rat mast cells were incubated for 2 min with a concentration of antigen optimal for the release of histamine, an increase in the phosphorylation of the a component of the IgE receptor was found (Fig. 1) . The a component of the IgE receptor appears as a broad band with an apparent Mr of 41,000-53,000, which corresponds in size and microheterogeneity to the [3S]methionine-labeled and 3P-labeled IgE receptor bands (7) previously isolated from rat mast cells. In contrast, the Mr 33,000 1 component of the IgE receptor and contaminating macromolecules in the Mr 67,000-90,000 range did not demonstrate a significant increase in phosphorylation upon antigen-stimulation (Fig. 1) . It should be noted that in this study we deliberately altered our previous receptor purification procedure (7) by performing fewer and more rapid washes of the IgE affinity columns in order to preserve more of the Mr 33,000 (3 component and more contaminating macromolecules.
The results of four separate experiments (seven paired determinations) shown in Table 1 demonstrate a consistent increase in the phosphorylation of the a component by a 2-min exposure to antigen in seven of seven observations. By using the sign test (whether phosphorylation is increased or decreased) the P value was less than 0.01. The magnitude of the increased phosphorylation was also significant (mean, 77.4% increase; SD, 30.2%). Although the phosphorylation of ,B component was slightly increased in six of seven experiments, the increase in (3-component phosphorylation was not significant (mean, 11.7%; SD, 20.1%). Furthermore, the antigen-induced increase in a-component phosphorylation was always greater than the increase in (component phosphorylation ( Table 1) .
Selectivity of antigen-induced a-component phosphorylation was also demonstrated in comparison to phosphorylation of macromolecules in the Mr 67,000-90,000 region, which were present to a variable extent. (This is evident in Fig. 1 , the experiment with the most phosphorylation in the Mr 67,000-90,000 region; also see Fig. 2 .) A small amount of a Mr 71,000 macromolecule with some specificity for IgE has been noted (7, 24) . However, most of the macromolecules in this region are likely to be contaminants judging from their variable purification, their gel patterns, and their absence in our previous study (7) .
In the studies described, the phosphorylated receptor protein is not appreciated in gels of crude Nonidet P-40 extracts of stimulated and unstimulated cells because of the presence of more prominent phosphorylated proteins that migrate in the phosphorylation (mean decrease of 6.9%). In the same experiment, the "a component" increased 78.5% (mean) 2 min after antigen exposure, whereas "( component" decreased an average of 2.6% (Table 1, experiment IV) .
Receptor Saturation and Receptor Yield. It has been shown that mouse IgE binds with high affinity to rat mast cell Fce receptors (25, 26) . Rat mast cells incubated with mouse IgE under the conditions described above later bound an average of 24 If one assumes the relative yield of unoccupied receptors to be 100%, the receptors that had been occupied by mouse IgE were isolated with a relative efficiency of 68%. Such an efficient recovery of previously occupied receptors implies dissociation of =68% of mouse IgE from solubilized receptors during the overnight incubation with rat IgE-Sepharose, which is consistent with the kL1 values previously reported (20) . DISCUSSION In our previous study (7), we demonstrated that the IgE receptor a-component phosphorylation was rapidly increased in rat mast cells incubated with the divalent cation ionophore A23187, a nonimmunologic stimulus of histamine release. Incorporation of 32p into phosphoserine indicated that a protein kinase was involved in the phosphorylation (7) . The results of the present study indicate that phosphorylation of the a component of the IgE receptor also is increased significantly during antigen stimulation of rat mast cells. Because the antigen-IgE system is representative of the usual mechanism for activation of mast cell secretion in allergic responses in vivo, whereas A23187 is a nonphysiologic and nonimmunologic stimulus of secretion, this represents an important extension of our earlier work. Furthermore, in this study increased phosphorylation of the a component is demonstrated to be a selective effect of antigen because little change is found in phosphorylation of the predominant phosphoproteins in unpurified Nonidet P-40 extracts of the major contaminants of receptor preparations (in the Mr 67,000-90,000 region) or of the P component of the IgE receptor. Because apposition of adjacent IgE receptors is the necessary and sufficient signal for mediator release (8) (28) . Thus, although the RBL line has been a good model for studying IgE receptor structure (3) , study of the mechanism of IgE receptor signal transduction may require normal mast cells.
Rhodopsin, the retinal receptor for light, was the first cellsurface receptor characterized as a phosphoprotein (29) (30) (31) (32) . Subsequently, it was demonstrated that at least one component of the acetylcholine receptor can be phosphorylated (33) (34) (35) (36) (37) , and its phosphorylation was shown to be modulated by monovalent cations (35, 36) and by calcium and calmodulin (37) . During the progress of our studies, cell-surface receptors for epidermal growth factor on epidermoid carcinoma cells (38) and for insulin on lymphocytes and hepatoma cells (39) also have been demonstrated to be phosphorylated. As in the IgE-rat mast cell system, their level of phosphorylation is rapidly and selectively altered when the cells are stimulated with hormone. Taken together, the results in these diverse systems involving physical, immunologic, growth producing, and hormonal stimuli suggest that alterations in receptor phosphorylation may be a general phenomenon with an important role in cellular regulation and function.
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